original contributions nature publishing group Blood pressure (BP) is a highly variable physiological trait. In addition to different levels among individuals, the total variation of BP in a population has another important component, variations within the same individual at different time points (within-individual variability). There are several different ways of expressing the within-individual variability of BP over time, ranging from beat-to-beat changes 1 to long-term changes between office visits. 2-9 A long-term BP variability can be observed in a cohort with serial BP measurements over a long period of follow-up, as noted from childhood to adulthood in the Bogalusa Heart Study; 10,11 a short-term BP variability can be measured by 24-h ambulatory BP monitoring. [12] [13] [14] Excessive variability of BP in the early stages of hypertension was demonstrated as early as in 1921, and temporary elevation of BP above the usual normal values has been regarded as evidence of a possible prehypertensive state. [15] [16] [17] In the past two decades, studies have shown that the wide variability of BP over a longer period 2-8 or 24 h 12-14 is associated with severity of end-organ damage and an increase of subsequent cardiovascular and cerebrovascular events, even after adjusting for the mean BP levels. Large-scale clinical trials in Europe have demonstrated that the visit-to-visit BP variability is not random, but significantly reproducible over a long period of follow-up. 9 Recently, the importance of long-term BP variability for stroke was highlighted in multiple articles appearing in the 13 March 2010 issue of Lancet, [7] [8] 18 indicating that visit-tovisit variability of clinic systolic BP (SBP) was more predictive of stroke and coronary events than the variability measured by ambulatory BP monitoring. 8 Of note, BP variability is receiving increasing attention because of its practical implications in the prevention and treatment of hypertension. [18] [19] [20] Essential hypertension is considered a growth-related disorder with its origin in childhood. 21, 22 BP levels tend to "track" or "persist" over time and increases in childhood BP 
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Methods
Study cohort. In the community of Bogalusa, Louisiana, nine cross-sectional surveys of children aged 4-19 years were conducted between 1973 and1994 for cardiovascular risk factors. Linking these repeated cross-sectional examinations conducted every 2-3 years has resulted in serial observations during childhood. Two surveys of adults aged 21-48 years, who had been previously examined as children, were conducted as longitudinal studies in 2004-2007 and 2007-2009 . A total of 1,797 adult subjects (1,091 whites and 706 blacks; 44.4% males; age range = 21-48 years; mean age = 31.5 years) who have been examined 4-8 times during childhood (age range = 4-19 years; mean age = 12.4 years), with 9,027 observations of BP, formed the study cohort for this report. The number of individuals who had been examined four, five, six, seven, and eight times during childhood was 726, 588, 269, 143, and 71, respectively; the average number of BP measurements was 5.0 times/person. All subjects in this study gave informed consent at each examination, and for those under 18 years of age, consent of a parent/ guardian was obtained. Study protocols were approved by the Institutional Review Board of the Tulane University Health Sciences Center.
Body mass and BP measurements. Identical protocols were used by trained examiners across all surveys since 1973. 26 Replicate measurements of height and weight were made, and the mean values were used for analysis. Body mass index (BMI, weight in kilograms divided by the square of the height in meters) was used as a measure of obesity. In all surveys, BP levels were measured between 8:00 am and 10:00 am on the right arm of subjects in a relaxed, sitting position by two trained observers (three replicates each). The mean values of the six were used for analysis. SBP and diastolic BP (DBP) were recorded using a mercury sphygmomanometer. The fourth Korotkoff phase was used for DBP for children and adults because the fourth phase is more reliably measured in childhood and more predictive of adult hypertension. 27 Hypertension in adults was defined as SBP ≥140 mm Hg or DBP ≥90 mm Hg or taking antihypertensive medications at the time of any examination as adults.
Statistical methods. Standard deviation of multiple serial measurements of BP during childhood was calculated for each individual and used as an index of long-term variability of SBP and DBP. In order to examine the independent effect of BP variability on adult hypertension, mean levels of multiple measurements of BP in childhood were included in all the regression models for adjustment. Long-term variability of BMI in childhood was calculated as s.d. The s.d. of BMI was adjusted for mean childhood BMI by regression residual analyses before the association analyses.
Analyses of covariance were performed using general linear models to test differences in study variables between blacks and whites and between males and females. The relationships of BP variability in childhood to hypertension in adulthood were examined by multivariable logistic regression models using adulthood hypertension as a dichotomous dependent variable, adjusting for race, sex, adulthood BMI, adulthood age, mean childhood age, mean value-adjusted s.d. of childhood BMI, and mean childhood levels of BP. The above covariates except for race and sex were standardized into Z-scores with mean = 0 and variance = 1 before logistic regression analyses to make odds ratios (ORs) comparable, particularly for BP levels and variability. The logistic regression analyses were also performed by race and sex groups. Race-BP and sex-BP interactions were tested by including respective interaction terms in the logistic regression models. In addition, multivariable linear regression models were performed using adulthood BP levels as continuous dependent variables, and s.d.s of BP as predictor variables, adjusting for the above covariates. Standardized regression coefficients were estimated to facilitate comparisons of effects of mean childhood BP levels against BP variability. All P values presented are two sided.
results Table 1 shows the mean levels of study variables in childhood and adulthood by race and sex. In general, sex and race differences in BP levels became greater with increasing age. The mean number of BP measurements was 5.0 (white males), 4.9 (white females), 5.2 (black males), and 5.1 (black females). The s.d. of SBP showed significant race (blacks > whites) and sex (males > females) differences in blacks; s.d. of DBP did not show significant sex and race differences. Adulthood SBP and DBP levels were significantly higher in males and blacks than females and whites, respectively, after excluding 137 individuals who were taking antihypertensive medications at the time of examination. The overall prevalence of hypertension was 14.1% in adulthood (n = 253), with whites having a lower prevalence than blacks (10.5% vs. 19.6%, P < 0.001). Figure 1 shows covariates-adjusted s.d. of SBP and DBP in childhood by hypertension status in adulthood. The covariates included race, sex, adulthood BMI, adulthood age, mean childhood age, childhood BMI variability, and mean childhood BP levels. Hypertensives had significantly higher values of s.d. of both SBP and DBP than normotensives. Furthermore, the mean childhood BP levels were significantly correlated with s.d. for SBP (r = 0.151, P < 0.001), but not for DBP (r = −0.020, P = 0.399). In addition, the trends of the differences in childhood BP variability between hypertensives and normotensives within sex or race subgroups were similar to those in the total sample although the differences became original contributions Blood Pressure Variability and Hypertension nonsignificant in some subgroups due to reduced sample size (data not shown). Table 2 shows the association of BP variability in childhood with hypertension and BP levels in adulthood measured by ORs and standardized regression coefficients (β) of childhood BP s.d. (Z-scores) derived in logistic and linear regression models, respectively, adjusting for covariates. Adults were 1.28 or 1.36 times likely to have hypertension when the variability of SBP or DBP, respectively, increased 1 standardized unit (1 s.d.) during childhood based on the ORs derived from logistic regression models. In linear regression analyses, s.d.s of SBP and DBP were both significantly associated with adulthood SBP and DBP levels, respectively. Of note, despite the significant associations of childhood BP variability with adult hypertension status and BP levels, the association parameters (ORs and βs) of BP variability were considerably and consistently lower than those of mean childhood BP levels. Table 3 presents the ORs and βs of childhood BP variability for adulthood hypertension and BP levels by race or sex groups, adjusting for the same covariates included in Table 2 . The association parameters were all significant except the ORs of s.d. of SBP in whites and males. Further, the association of childhood BP variability with adulthood hypertension and BP levels did not differ significantly between sex or race subgroups as tested in the interaction models.
discussion
The significance of transient hypertension has long been a topic of discussion. As early as in 1921, excessive variability of BP with temporary rises above the usual normal was found in the early stages of hypertension in two independent studies, and then data emerging in 1940s were in support of the view that transient elevation of BP, induced by emotion or other stimuli, should be regarded as evidence of a possible pre hypertensive state. [15] [16] [17] Of particular interest, the importance of the transient BP elevations as a predictor of later fixed hypertension was suggested in a large study of 22,741 army officers conducted during 1944-1945. 15, 16 Muscatine study examined the level, trend, and variability of BP during childhood over 5-6 years and found that 7.4 and 7.2% of children had high levels and variability of SBP and DBP, respectively; BMI, body mass index; DBP, diastolic blood pressure; SBP, systolic blood pressure. a Individuals (n = 137) taking antihypertensive medications were excluded. Racial difference within sex groups: *P < 0.05; **P < 0.01. 
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Blood Pressure Variability and Hypertension however, the association between childhood BP variability and future hypertension as adults was not examined. 28 In this study, we demonstrated that adult hypertension was associated with BP variability in terms of s.d. of serial BP measurements during childhood, even after adjusting for the mean childhood BP levels. Previous studies have shown that greater variability either over 24 h 29, 30 or over a prolonged period 15, 16 is associated with hypertension during adulthood. However, data on the relationship between BP variability in childhood and adult hypertension are not available for comparison in spite of the overwhelming evidence for the prediction of elevated childhood BP levels for adult hypertension. [23] [24] [25] In previous studies, BP levels have been reported to be highly correlated with the magnitude of BP variability with respect to both long-term 3 and short-term 31 measurements. We also observed a significantly positive correlation between the level and variability for SBP (r = 0.151, P < 0.001) in this study. The observed significant correlation, although low, indicated the need of adjustment for the mean childhood BP levels in the BP variability analysis. After adjustment for the mean childhood BP levels, the increased childhood BP variability was still associated with adult hypertension status. However, childhood BP variability appeared to be less predictive for adult hypertension than elevated childhood BP levels. Further studies are needed in this important and interesting research area.
The relationships of long-term BP variability to cardiovascular [2] [3] [4] and cerebrovascular [5] [6] [7] [8] [9] disease have been demonstrated in previous studies, using various indices of long-term BP variability. A coefficient of variation of serial office BP mea surements over a period of 12 months, calculated as s.d./ mean, was used in a Japanese population to examine the predictive value for stroke and myocardial infarction. 2, 5 This measure is identical to the index of long-term BMI variability employed in the Framingham Heart Study. 32 In fact, the coefficient of variation, by its definition, is the s.d. corrected for the mean before further analyses. In this study, the mean childhood BP values were included in the model for adjustment. By using the model adjustment, not only the effect of BP variability independent of the mean BP levels can be examined, but also the contributions of BP levels vs. variability to the development of hypertension can be compared using standardized scales. In the Framingham Heart Study cohort, various indices of BP variability were evaluated using eight repeated measurements of BP over a 14-year period. Variance and s.d. of individual's multiple BP values proved to be better predictors for the future coronary heart disease than other indices. 4 Another reason for choosing s.d. as a measure of BP variability over time is that this measure has been widely used in this regard. 2, 4, 5, [7] [8] [9] 18, 20 It is well known that blacks vs. whites have higher BP levels and prevalence of hypertension. 33 The racial difference in BP was observed even in children, with blacks showing higher mean levels and a faster rate of change. 34, 35 In this study blacks also had significantly higher long-term SBP variability in terms of s.d. during childhood; however, the strength of β, standardized regression coefficient; BMI, body mass index; CI, confidence interval; DBP, diastolic blood pressure; OR, odds ratio; SBP, systolic blood pressure. a Standardized into Z-scores with mean = 0 and variance = 1. b Mean BMI-adjusted and standardized into Z-scores (mean = 0 and variance = 1). *P < 0.05; **P < 0.01.
Blood Pressure Variability and Hypertension the association between childhood BP variability and adult hypertension did not differ significantly between blacks and whites, indicating that the BP variations in early life contribute to the development of hypertension equally in both races. To the best of our knowledge, information on the relationship between BP variability in childhood and hypertension in adulthood is very limited. Therefore, the findings on racial contrasts from this study need to be confirmed and replicated in other population studies. In particular, black-white differences in the impact of neural and hormonal regulations and urine electrolyte excretions on the within-individual variability of BP need to be elucidated. Studies have shown that BP and heart rate variabilities were positively correlated to each other, suggesting a primary role of central nervous mechanisms in regulating these hemodynamic parameters. 1, 30 In addition, the genetic background may also play an important role in fluctuations of BP over time. Berg 36 proposed the concept of "variability gene" to distinguish the variability gene effect from the level gene effect. Based on this concept, the genes, whose expression depends on environmental exposures, are referred to as " variability genes". The notion of "variability gene" for BP is supported by observations from longitudinal family studies. 37, 38 The genetic background of BP variability and black-white contrasts regarding the gene-environment interaction is a promising research area of interest although our observational study cannot address this issue. This community-based study has certain limitations. First, the present longitudinal study cohort has been identified by linking multiple cross-sectional surveys of children and adults. Different number of BP measurements during childhood (4-8 times) among study subjects might have a confounding effect on BP variability analysis. For this reason, we also analyzed s.d. of BP using the first four BP measurements in childhood. The analyses yielded similar results. Second, usual techniques of the BP measurement in clinical settings reflect some degree of environmental stress and therefore would be expected to exhibit greater variability than corresponding home BP values. Third, the BP measurement error was not taken into account in this study under the assumption that the deviation of errors from the "true value" is normally distributed.
In summary, blacks showed greater long-term BP variability during childhood than whites, and the BP variability is a significant predictor of adult hypertension, independently of mean childhood BP levels. Investigation of the BP variability as a new phenotype may yield important information about the etiology and pathogenesis of hypertension and related disorders, and thus its prevention.
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